Background: Tryptophan hydroxylase (TPH)1 catalyzes the biosynthesis of serotonin (5-hydroxytrptamine; 5-HT) in enterochromaffin (EC) cells, the predominant source of gut 5-HT. Secreted 5-HT regulates various gut functions through diverse 5-HT receptor (5-HTR) families, and 5-HT transporter (5-HTT) sequesters its activity via uptake into surrounding cells. In inflammatory bowel disease (IBD) mucosal 5-HT signaling is altered, including upregulated EC cell numbers and 5-HT levels. We examined key mucosal 5-HT signaling components and blood 5-HT levels and, as part of a pilot study, investigated the association between 5-HTT gene-linked polymorphic region (5HTTLPR) and Crohn's disease (CD). Methods: In the context of inflammation, colonic expressions of TPH1, 5-HTT and 5-HTRs were studied in CD patients (n=15) and healthy controls (HC; n=10) using quantitative polymerase chain reaction (qPCR). We also investigated 5HTTLPR in 40 CD patients and HC utilizing PCR and measured platelet-poor plasma (PPP) and plasma 5-HT concentrations. Results: Compared with HC, inflammation in CD patients was associated with elevated TPH1, 5-HTR3, 5-HTR4, 5-HTR7 and downregulated 5-HTT expressions. In our second cohort of participants, significantly higher PPP and plasma 5-HT levels and higher S-genotype (L/S+S/S) than L/L genotype were observed in CD patients compared with HC. Conclusion: Our results suggest that augmented mucosal 5-HT signaling and specific 5-HTTLPR genotype-associated decreased efficiency in 5-HT reuptake, the latter through increased 5-HT availability, may contribute to inflammation in CD patients. These findings revealed important information on various components of 5-HT signaling in intestinal inflammation which may ultimately lead to effective strategies targeting this pathway in IBD.
the exact cause of IBD is yet to be determined, it is believed to result from a continuum of complex interactions among the host genetics, intestinal microbiota, the immune system and environmental factors (6) .
The GI tract contains hundreds of thousands of endocrine cells that are dispersed among the intestinal epithelium. Among these cells, enterochromaffin (EC) cells are the best characterized and are well known for synthesizing and releasing serotonin, also known as 5-hydroxytryptamine (5-HT) (6) . The GI tract contains about 95% of the body's 5-HT, and EC cells are the main source of gut-derived 5-HT (6) . Enterochromaffin cells via the rate-limiting enzyme tryptophan hydroxylase (TPH)1 produce 5-HT from dietary tryptophan (7) . This 5-HT can be released into the gut lumen and surrounding tissue, which can then enter the blood circulation via the dense capillary bed of the lamina propria (7) . The 5-HT mediates various GI functions, including motility, sensation and secretion, through an array of 5-HT receptors (5-HTRs); it additionally has immunomodulatory capabilities (6, 8) . Five of the seven known receptor families of 5-HT (5-HTR1, 5-HTR2, 5-HTR3, 5-HTR4 and 5-HTR7) are expressed in the gut. Its actions are terminated by uptake into surrounding cells predominantly by the 5-HT transporter (5-HTT) (7) . Various cell types express 5-HTT, including enterocytes, immune cells and platelets (7) . Platelets do not produce 5-HT; instead, they take up enteric 5-HT using 5-HTT and thus participate in propagating the influence of gut-derived 5-HT beyond the gut (9) . The 5-HTT is encoded by the SLC6A4 gene (10) . A 44-bp insertion/deletion polymorphism in the promoter region of this gene, known as the 5-HTT gene-linked polymorphic region (5-HTTLPR), results in a short (S) allele and a long (L) allele, where the former is functionally dominant (10) (11) (12) . Compared with the L/L genotype, which is more common among Caucasians, S/S or S/L genotypes (collectively referred to as the S-genotype) are associated with lower levels of 5-HTT mRNA transcripts and, thereby, associated with lower levels of 5-HTT expression and reduced 5-HT reuptake efficiency (10, 13) .
Serotonin, or 5-HT, has been evaluated in IBD and in animal models of colitis. It was shown that TPH1-deficient mice, which have reduced gut 5-HT content, exhibit reduced susceptibility to experimental colitis marked by lower inflammatory cytokine production (14) . Moreover, pharmacological blocking of peripheral 5-HT synthesis reduced the severity of both chemical and infection-induced intestinal inflammation (15) . In IBD patients, studies have reported increased 5-HT expressing EC cell numbers and reduced 5-HTT expression, the latter particularly observed in association with inflammation in UC patients (16) (17) (18) . Furthermore, a significant association between 5-HTTLPR and microscopic colitis, a type of colitis which had previously been associated with consumption of selective 5-HT reuptake inhibitors, has been reported (6, 19) . Patients with microscopic colitis and UC were found to have significantly higher serum 5-HT levels (19) . An elevated level of 5-HT was also observed in a patient with collagenous colitis (20) . Taken together, these findings provide compelling evidence for an important role of 5-HT in gut inflammation. Despite the importance of its cognate receptors in 5-HT signaling, only scattered observations about 5-HTRs in IBD have been previously reported by a handful of studies (21, 22) .
In the present study, we investigated key elements of mucosal 5-HT signaling, including 5-HTRs, in CD patients for a better understanding of the role of 5-HT in IBD. In colonic biopsy specimens from CD patients, we observed significant upregulation of TPH1, 5-HTR3, 5-HTR7 expressions and downregulation of 5-HTT expression in association with intestinal inflammation. Mucosal 5-HTR4 expression was also markedly elevated in these patients. Additionally, in a separate group of CD patients, we found significantly higher platelet-poor plasma (PPP) and plasma 5-HT concentrations in comparison with healthy controls (HC). In the latter group of CD patients, a higher frequency of the S-genotype was also observed compared with HC.
METHODS
This study was approved by the Hamilton Integrated Research Ethics Board (HiREB). All biopsy and blood samples were obtained at the McMaster University Medical Centre (MUMC) from consenting adults (clinicaltrials.gov # NCT01650311).
Sample Collection, Histopathological Assessment and 5-HT ELISA Fifteen HC and 27 patients with confirmed diagnosis of CD provided informed consent to donate colonic biopsy samples. The HC group was comprised of individuals undergoing routine colorectal screening, and exclusion criteria included any previous history of GI complaints, long-term use of nonsteroidal anti-inflammatory drugs, steroids, antidepressants, or any biologics. Additionally, participants were excluded from the study if they were deemed unfit to partake for any reason by the gastroenterologist, for example, due to serious comorbid disease or difficult colonoscopy. This resulted in the withdrawal of four HC and 12 CD patients. Two mucosal biopsies were obtained from 10 HC patients, and one HC patient donated only one sample and thus was excluded from any analysis. Fifteen patients with CD donated two biopsy samples from both inflamed and noninflamed regions of the colon. Noninflamed regions were defined as those without any endoscopic features of inflammation and at least 10 cm from any area of active inflammation (23) . Immediately following sample collection, one of the samples was flash frozen for later analysis of mRNA expression using quantitative polymerase chain reaction (qPCR). The second sample was fixed in 10% buffered formalin and was processed within 24 hours for histopathological assessment. A pathologist unaware of the diagnosis performed the histological evaluations, and specimens were graded on a numerical scale based on standard criteria (24) .
In a separate study, we invited 109 Caucasian participants to donate 8 mL of venous blood, 12 of whom refused, and 97 provided informed consent, which consisted of 55 patients with confirmed diagnosis of CD and 42 HC patients. Forty HC patients and 40 patients with CD donated the full 8 mL of blood and completed the required questionnaire. Samples were collected in EDTA tubes, and 4 mL of blood was used to measure PPP and plasma 5-HT levels using a commercially available ELISA kit (Beckman Coulter, Fullerton, CA).
Immunofluorescence of 5-HT Expressing EC Cells
Immunofluorescent analysis of 5-HT expressing EC cells was performed on paraffin wax-embedded colonic sections. Sections were deparaffinized in CitriSolv (Thermo Fisher Scientific, Waltham, MA) and rehydrated through a graded series of ethanol. After washing, heat-mediated antigen retrieval in citrate buffer was performed, following which, 5% normal goat serum in phosphate buffered saline (PBS) was used to block nonspecific binding. Then the sections were incubated at 4°C overnight with rabbit anti-5-HT antibody or isotype control (IgG) antibody (Immunostar, Hudson, WI; concentration: 1:3000). Alexa Fluor 594-goat anti-rabbit IgG (Thermo Fisher Scientific) was used as the secondary antibody. ProLong™ gold antifade mountant with DAPI (Thermo Fisher Scientific) was used for nuclear staining and mounting of the sections, which were studied with a Nikon fluorescence microscope. The 5-HT-positive EC cells were quantified and expressed as number of cells/mm 2 .
RNA Isolation and qPCR Protocols
RNA was isolated from mucosal samples using RNesay plus a universal mini-kit (Qiagen, Hilden, Germany), and its quality was determined using NANOdrop (Thermo Fisher Scientific). The cDNA was prepared using the quantitect reverse transcription kit (Qiagen). The reference gene selected was 18s rRNA (forward: 5′-TCCACAGGAGGCCTACACGCC-3′; reverse: 5′-TTTCCGCCGCCCATCGATGTT-3′), as it was more stable (M=0.496) compared with glyceraldehyde-3-phosphate gehydrogenase (GAPDH) (M=0.548) and β-Actin (M=0.528). TPH1 mRNA expressions were quantified using previously published methods and primer sequences (25) . Prevalidated primers from Bio-Rad (Hercules, CA) were used for 5-HTT (Bio-Rad assay ID qHsaCID0016255; NCBI RefSeq NG_011747. 
Genotyping and Polymerase Chain Reaction Protocol
The insertion/deletion polymorphism in the 5-HTT gene was typed by polymerase chain reaction (PCR)-based method using CFX96TM Real-Time System (Bio-RAD). DNA was isolated from blood using a commercially available kit (Qiagen), and a modified version of the methods described by Sikander et al. (19) was utilized. The findings of the genotyping experiment were confirmed by the Centre for Applied Genomics (TCAG) operated by the Hospital for Sick Children (SickKids), Toronto, Canada.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 5 (La Jolla, CA) by means of Chi-square test, two-sided Fisher exact test, one-way ANOVA with Dunnett test or NewmanKeuls post hoc, as appropriate, where P < 0.05 was considered statistically significant.
RESULTS

Characterization of Study Participants
The demographic information of all study participants is shown in Table 1 . At the time of blood donation, in the second group of participants, 21 (52.5%) of the 40 patients with CD reported experiencing symptoms. Additionally, 17 (42.5%) patients tested positive for C-reactive protein (CRP) (CPR+ defined as greater than upper limit of normal where CRP > 5.1 mg/L (26, 27)), 18 (45%) had features of reactive thrombocytosis (RT+ defined as platelet count > 450 × 10 9 /L), and 6 (15%) were on some form of antidepressants (excluded from all analysis of PPP or plasma 5-HT levels).
Montreal Classification, Microscopic Evaluation and Mucosal Cytokine mRNA Expressions
Montreal classification, which takes into account age at diagnosis (A), location (L) and disease behaviour with perianal (P) modifier, of the patients who donated biopsy specimens are presented in Figure 1a . Histological evaluation of biopsies confirmed the macroscopic assessment of the endoscopist during specimen collection (Figure 1b) . For further confirmation, we measured the expression of S100A9, which dimerizes with S100A8 to form calprotectin (28) . Though low expression of tissue S100A9 was observed, it was significantly higher in inflamed tissue compared with healthy and noninflamed tissue (data not shown). In CD patients, TNF-α expression was significantly higher compared with HC patients (Figure 1c) . Moreover, inflammation-associated significant upregulation of IL-13 expression was observed in CD patients (Figure 1d ).
TPH1, 5-HTT and 5-HTR mRNA Expressions in CD
In CD patients, colonic TPH1 expression was significantly higher in inflamed regions compared with noninflamed regions and controls (Figure 2a) . However, 5-HT-expressing EC cell numbers were not significantly different among the groups compared (data not shown). Significant reduction in the expression of 5-HTT was observed in inflamed specimens compared with noninflamed regions and controls (Figure 2b ). Minimal expression of mucosal 5-HTR1A was detected in all specimens examined (data not shown). An overall low expression of mucosal 5-HTR2A was observed; however, it was significantly lower in CD patients compared with HC (Figure 2c) . Conversely, mucosal 5-HTR4 expression was significantly higher in CD patients irrespective of inflammation in comparison with HC patients (Figure 2d) . Additionally, inflammation-associated significant upregulation of 5-HTR3A and 7 expressions were observed in CD patients (Figure 2e and f) .
PPP and Plasma 5-HT Levels in CD Patients
In comparison with HC patients, significantly higher PPP and plasma 5-HT levels were observed in CD patients (Figure 3a and b). Symptomatic CD patients also had higher PPP and plasma 5-HT concentrations in comparison with asymptomatic (Symptom -) patients and HC patients (Figure 3c and d) . When CD patients were divided into CRP+ or CRP-negative (CRP -) groups, we found CRP+ patients had significantly higher PPP and plasma 5-HT levels compared with CRP -patients and HC patients (Figure 3e and f) . Platelet numbers in CD patients were elevated compared with HC patients, but the difference did not reach statistical significance. However, CD patients who reported experiencing symptoms had significantly higher platelet numbers compared with HC patients (465 x 10 9 /L ± 50 × 10 9 /L versus 367 × 10 9 /L ± 16 × 10 9 /L; mean ± SEM; P < 0.05). In comparison with HC patients, PPP 5-HT levels were significantly higher in CD patients irrespective of platelet count; whereas, only patients with platelet count >450 × 10 9 /L (RT+), but not <450 × 10 9 /L (RTˉ), had significantly higher plasma 5-HT levels (Figure 3g and h).
5-HTTLPR Polymorphism and CD
In our second cohort of participants, there were no significant differences in 5-HTTLPR genotype distribution (χ 2 =5, df=2, p ~0.08) or allele frequency (Fisher exact test, two-sided P=0.05) between CD patients and HC patients (Table 2) . Additionally, PPP 5-HT levels were not significantly different among the genotypes of HC and CD patients (Figure 4a ). The genotype distribution of our cohort did not deviate from the HardyWeinberg equilibrium, and no significant association with gender were observed. However, when grouped together based on the functional dominance of the S allele (11), the S-genotype (L/S and S/S combined) was significantly higher than L/L genotype (Fisher exact test, two-sided P=0.04) between CD and HC patients (Table 2) . Furthermore, PPP 5-HT levels in CD patients with S-genotype was significantly higher compared with HC patients with L/L and S-genotypes (Figure 4b ).
DISCUSSION
Inflammatory bowel disease remains incurable and is on the rise, with Canada having one of the highest rates of prevalence and incidence in the world (4). The present study evaluated the expression of key 5-HT signaling components in CD patients and found a significant upregulation of mucosal 5-HT signaling. Inflammation in CD was associated with a significantly higher expression of colonic TPH1, along with IL-13. Interleukin-13 is a pleiotropic cytokine that has emerged as an important mediator in UC and fistulizing CD (29) . Additionally, previous work from our laboratory has identified the role IL-13 in increasing TPH1 expression in BON cells and 5-HT production in vitro and in animal models of intestinal inflammation (21, 30) , thus implicating IL-13 in the augmented production of 5-HT via increased availability of the rate-limiting enzyme. Interleukin-13 has also been shown to increase intestinal epithelial cell turnover and EC cell numbers (21, 30) . However, in our patient group, we did not observe a significant upregulation in the number of EC cells. This could potentially be due to inflammation-associated destruction of epithelial architecture observed in CD; additionally, it could be due to the varying locations of inflamed and noninflamed tissue collection within our cohort, as EC cell density varies along the length of the colon. Other important factors in IBD, such as the gut microbiota, may also influence host 5-HT production. The role of gut microbiota in 5-HT production, via the regulation of TPH1, has already been established (31) . Though the findings of Yano et al. (31) are not in the context of inflammation and the precise role of the gut microbiome in IBD pathogenesis is not fully understood, it is possible that the increase in TPH1 expression may be associated with dysbiosis observed in IBD. Notably, a recent study has also shown that increased availability of 5-HT, due to 5-HTT deficiency, is associated with dysbiosis (32). We also found inflammation-associated significant downregulation of 5-HTT expression in CD patients. We are the first to report this reduction 5-HTT expression in patients with active CD, which was previously reported in severe UC patients and in the inflamed mucosa of UC patients compared with the healing mucosa (17, 18) . This may be a contributing factor in the attenuated clearance of 5-HT from the GI tract, which may ultimately lead to , and disease behaviour is characterized by B1 (nonstricturing, nonpenetrating), B2 (stricturing) or B3 (penetrating) with perianal disease (P). B) Histological assessment confirming endoscopists' assessments during biopsy collection and representative micrographs. mRNA expression of cytokines (C) TNF-α and (D) IL-13 in inflamed and noninflamed regions of the colon. Box-whisker plot representing mean, maximum and minimum, where *P < 0.05 and **P < 0.01. HC, healthy controls; CD, Crohn's disease; TNF, tumor necrosis factor; IL, interleukin.
the increased PPP and plasma 5-HT levels that we observed in our second cohort of CD patients. We also found that PPP and plasma 5-HT concentrations in symptomatic patients were increased compared with HC and asymptomatic patients. In this cohort, we were unable to directly associate these finding with disease activity in the intestine; it does, however, indicate that increased 5-HT production may play a role in patients' experiences of IBD-associated symptoms. Reactive thrombocytosis is a nonspecific response to inflammation, which is known to occur in chronic inflammatory conditions (33) . It is now well established that thrombocytosis is related to IBD activity and severity (34), and we found that plasma 5-HT levels were upregulated in patients with reactive thrombocytosis compared with patients without and HC patients. Elevated levels of gut-derived 5-HT in circulation may potentially underlie the increased number of platelets we observed in our patients. Platelets do not produce 5-HT because they lack TPH1 (9); they uptake gut-derived 5-HT entering circulation by 5-HTT and have a finite capacity for its storage. Therefore, if more 5-HT is available to enter the circulation, then more 5-HT will be taken into platelets and will be stored there. As part of a pilot investigation, we examined the association of 5-HTTLPR polymorphism with CD. We observed that the S-genotype, associated with decreased clearance of 5-HT (12), was significantly more common than L/L genotype between CD and HC. A vast number of 5-HTRs mediate the diverse effects of 5-HT in the gut. Five families of 5-HTRs, with the exceptions of 5-HTR5 and 5-HTR6, are expressed throughout the human GI tract (7) . However, to date, very few studies have investigated alterations in 5-HTR expressions in IBD. In our study, we found that CD is associated with upregulation of 5-HTR4, 5-HTR7 and 5-HTR3A (essential for the formation of a functional 5-HTR3 channel (7)), with the latter two upregulated only in the inflamed regions of the colon. Our observation of increased 5-HTR7 expression associated with inflammation in CD is in agreement with previous findings by Guseva et al. (21) . The changes observed in 5-HTR expression may contribute to various symptoms experienced by IBD patients, including abnormal gut motility and sensation of pain. These 5-HTRs, in addition to being expressed on various GI cell types, are found on immune cells, and alterations observed in the expression of these receptors may potentiate the pro-inflammatory influence of 5-HT (7). The role of 5-HT as a pro-inflammatory mediator in animal models of intestinal inflammation is well established. It has been shown that antagonism of 5-HTR3 by tropisetron and granisetron can reduce the severity of acetic, acid-induced colitis in rats. Tropisetron also reduces the severity of trintrobezenesulfonic acid (TBNS)-induced colitis in rats (35) (36) (37) . We have made similar observations by antagonizing 5-HTR7 in the dextran sulfate sodium (DSS) and dintrobezenesulfonic acid (DNBS)-induced colitis models (38) . In addition to targeting receptors of 5-HT, blocking the synthesis of peripheral 5-HT using telotristat etiprate, a TPH inhibitor, has been shown to attenuate intestinal inflammation (15) . The findings of our study are based on two small cohorts of participants, which is one of the limitations that must be considered, in addition to the incomplete phenotypic profile of inflammation in the second cohort of participants, where we investigated prevalence of 5-HTTLPR-associated genotype among CD patients, PPP and plasma 5-HT levels. However, our studies revealed important findings and do highlight the need for future studies with larger populations and functional studies to demonstrate cause-effect relationships.
In conclusion, inflammation in CD is associated with enhancement of mucosal 5-HT signaling, which is marked by upregulation of TPH1 expression and downregulation of 5-HTT expression. Additionally, this coincides with elevated expression of IL-13, a cytokine associated with increased 5-HT production. Increased 5-HT availability due to enhanced production and impaired clearance may play an important role in perpetuating intestinal inflammation and in associated symptom manifestation, where the enhancement of various 5-HTR expression observed may be vital. Initial data indicate that the role of 5-HT in IBD-associated inflammation may also have a genetic component, where 5-HTTLPR-associated genotypes may potentially be involved in CD. Our findings revealed new and important information on the key elements of 5-HT signaling in CD and support the need for more studies with larger populations investigating 5-HT signaling in IBD patients with both CD and UC, which may ultimately lead to the development of new therapeutic strategies in the management of IBD.
